Introduction
Leptin, a 16 kDa helical cytokine is the product of the obese gene (ob) (Zhang et al., 1994) and has been shown to have a central role(s) in fat deposition and metabolism (Hamilton et al., 1995; Lonnqvist et al., 1995) . Recent evidence suggests it may have important functions in other processes including hematopoeisis (Bennett et al., 1996) and reproduction (Chehab et al., 1996 (Chehab et al., , 1997 Conway and Jacobs, 1997) . Although leptin was formerly considered to be synthesized exclusively by adipocytes, we have demonstrated that this protein is also expressed by granulosa and cumulus oophorus cells in the preovulatory human follicle (Cioffi et al., 1997) . In this regard, we have reported that a novel mode of leptin and growth factor accumulation and secretion occurs in a subset of human granulosa and cumulus cells, and suggested that this process was involved in several aspects of preovulatory and post-ovulatory follicular development . While leptin had been detected by immunofluorescence in meiotically mature human and mouse oocytes, an exogenous source was suggested owing to the absence of leptin mRNA in the mouse oocyte as determined by reverse transcriptase-polymerase chain reaction analysis (RT-PCR) (Cioffi et al., 1997) .
Mutant ob/ob mice are obese and infertile and produce a truncated leptin protein in which~40% of the polypeptide at the C-terminal domain is deleted (Zhang et al., 1994) .
Fertility can be restored in ob/ob mice by gonadotrophin administration (Smithberg and Runner, 1957) , ovarian transplantation to normal surrogates (Hummel, 1957) , or by the exogenous provision of leptin (Chehab et al., 1996) . Previously, it has been shown that leptin binding to receptors (OB-R) on cells of the hypothalamus is associated with the activation of STAT3 (Baumann et al., 1996; Vaissee et al., 1996) , one of a series of cytosolic STAT (signal transducer and activator of transcription) proteins known to be involved in transcriptional regulation (Darnell et al., 1994) . Leptindependent fertility in the ob/ob mouse was suggested to involve restoration of normal hypothalamic function and the return to an environment permissive for follicular development and ovulation (Chehab et al., 1996) . Collectively, these findings suggest that leptin may influence tissue-and cellspecific gene expression within the reproductive system through the Jak (Janus kinase)-STAT pathway (Darnell et al., 1994) . Of particular relevance is the study of Takeda et al. (1997) , who reported that STAT3-deficient mice generated by targeted gene disruption (STAT3 'knock outs') degenerated rapidly after implantation. These investigators determined that STAT3 mRNA was first transcribed around day 6 and was expressed exclusively in visceral endoderm. The ability of STAT3 -/-embryos to develop to the blastocyst stage led these authors to conclude that this transcription factor is not relevant during the preimplantation stages. Rather, they proposed that STAT3 begins to assume a vital developmental role during the early post-implantation stages.
While results obtained from C57BL/6J ob/ob and STAT3 -/-mice would tend to indicate that leptin and STAT3 have no direct role in early mammalian development, such an interpretation is based on the respective assumptions that: (i) a molecule reduced in length by~40% as a result of a C-terminal truncation will be degraded or rendered completely non-functional; and (ii) oocyte proteins are entirely the result of oocyte transcriptional and translational processes. Our previous findings indicated that the leptin detected in mouse and human oocytes may be maternally derived and suggested that this protein may indeed have a function in the earliest stages of embryogenesis (Cioffi et al., 1997) . Here, we extend this study by examining temporal and spatial aspects of leptin and STAT3 immunofluorescence in human and mouse oocytes and preimplantation stage embryos. A preliminary investigation of the possible role of the follicle cells in the deposition of these two proteins was also undertaken. In this respect, oocytes from normal, C57BL/6J ob/ob, and C57BL/Ks db/db (leptin receptor mutant) mice were examined. The findings demonstrate that leptin and STAT3 are: (i) polarized to particular portions of the oocyte and pronuclear stage eggs, and (ii) differentially distributed between daughter blastomeres in the cleavage stage embryo, the inner and outer cells of the morula, and the inner cell mass (ICM) and trophoblast of the blastocyst. This differential distribution appears to originate with the specific position(s) of the planes of cell division that pass through the polarized leptin/STAT3 domains during successive rounds of cleavage. As early as the first cell division of the mouse and human embryo, daughter blastomeres with unique leptin and STAT3 complements were identified. This finding suggests that potential influences on individual cell fate may be present after completion of the first cleavage. The location of a cytoplasmic leptin/STAT3 domain in fully grown, immature oocytes co-localized with a similarly polarized region of coronal, cumulus and granulosa cells that stained intensely for these proteins. The truncated leptin protein and STAT3 were both present and polarized in the oocytes of C57BL/6J ob/ob mice raising the possibility that while incapable of hypothalamic signalling, presumably as a result of the loss of its C-terminus, functional domains important in the processes of oocyte development and early embryogenesis may be preserved and operative in the mutant leptin protein expressed in these animals. Leptin and STAT3 were also present and polarized in the oocytes of C57BL/ Ks db/db mice despite the presence of a mutant full-length leptin plasma membrane receptor (OB-R) (Ghilardi et al., 1996) which has been shown to be defective for STAT signalling in the hypothalamus (Lee et al., 1996) . These findings provide the first evidence for the occurrence of polarized domains of regulatory proteins in the oocyte and preimplantation embryo, and we propose that critical processes in early mammalian development, such as determination of the animal pole (Gardner, 1997) and establishment of the ICM and trophoblast (Edwards and Beard, 1997) may be influenced by maternal proteins which enter the oocyte prior to fertilization.
Methods and materials

Oocyte and embryo collection and culture
Fully-grown germinal vesicle (GV) stage mouse oocytes were collected from antral and preantral follicles of 6-8 week old ICR mice by mechanical dissection and follicular puncture respectively. GV stage oocytes were collected by ovarian dissection from 5-6 week old C57BL/6J ob/ob and C57BL/Ks db/db mice (Jackson Laboratory, Bar Harbor, Maine, USA). Metaphase II (MII) oocytes were obtained from the oviducts of animals, in which ovulation had been stimulated, between 12 and 14 h after the administration of an ovulatory dose (5 IU) of human chorionic gonadotrophin (HCG), or from the oviducts of naturally cycling females on the day of detection of a vaginal plug. Oocytes were either fixed intact or denuded of cumulus and coronal cells by a combination of hyaluronidase treatment and passage through a narrow bore glass micropipette. Embryos were fixed immediately after retrieval from the oviducts or uterus of naturally cycling or ovulation stimulated mice on each of 4.5 days after detection of a vaginal plug (embryo day 0). MII oocytes were fertilized in vitro and cultured to the blastocyst stage in KSOM (Erbach et al., 1994) . Complete penetration of antibodies into the interior of morula and blastocyst stage embryos was determined with zona-free embryos fixed and stained with several antibodies directed against proteins common to all cells as described below. The following were additional controls to ensure specificity of antibody staining: (i) fixed mouse oocytes and embryos were prepared for immunofluores-cence as described below but without detergent permeabilization; and (ii) the mural trophoblast of representative blastocysts was excised to permit complete access of antibodies to the inner cell mass and interior surface of the trophoblast. Uninseminated MII human oocytes were donated by patients undergoing gamete intraFallopian transfer (GIFT) who did not want excess oocytes inseminated and by patients undergoing in-vitro fertilization (IVF) who had requested that only a specific number of oocytes were to be exposed to spermatozoa. According to protocol, MII oocytes from IVF procedures that showed no pronuclear formation or second polar body abstriction at 18 and 24 h after insemination were considered unfertilized and were either fixed in formaldehyde (see below) or maintained in culture for an additional 24 or 48 h. The unfertilized oocytes examined in this study were also unpenetrated as demonstrated by DNA-specific fluorescence microscopy. Normally fertilized eggs and cleavage stage embryos were donated for research by patients who requested that only a predetermined number of embryos be transferred and no cryopreservation be performed. Tripronucleate (3PN) eggs resulting from dispermic fertilizations were utilized with patient consent.
Oocyte and embryo fixation and preparation for immunofluorescence
Oocytes and embryos were fixed in phosphate-buffered saline (PBS, pH 7.3) containing 3.7% formaldehyde for 1 h. The zona pellucida of oocytes and blastocyst stage embryos was removed mechanically by passage through a narrow bore micropipette. For cleavage and morula stages, the zona was thinned or removed completely by brief exposure to acidic Tyrode's solution prior to fixation. Oocytes and embryos were permeabilized by incubation in a detergent solution containing 0.1% Triton X-100 and 0.1% Nonidet P-40 (Sigma Chemical Co, St Louis, MO, USA.) in PBS for 1 h at room temperature and placed in a PBS solution containing 1% bovine serum albumin (BSA) and incubated at 4°C for 1 h. Fixed and permeabilized oocytes were transferred to a fresh solution of PBS containing 1% BSA for an additional h prior to antibody exposure, or were stored in this solution at 4°C. Oocytes and embryos were reacted with affinity-purified polyclonal primary antibody solutions directed against leptin , Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA] and STAT3 [C-20-R (rabbit), C-20-G (goat): Santa Cruz Biotechnology], as well as solutions containing non-specific immunoglobin molecules and, antibodies to uvomorulin (U-3254; Sigma Immuno Chemicals, St Louis, MO, USA) and actin (C-11, Santa Cruz Biotechnology; A-2066, Sigma Immuno Chemicals). The Ob (Y-20) epitope corresponds to amino acids 16-34 which includes a small portion of the signal sequence. Immunofluorescent analysis of the leptin receptor (OB-R) utilized an affinity-purified polyclonal antibody with an epitope corresponding to amino acids 32-51 mapping at the amino terminus of the mouse OB-R receptor , Santa Cruz Biotechnology]. Antibodies were used at a concentration of 1-2.4 µg/ml and were prepared in PBS with 2% BSA. Primary antibody incubations were done at 4°C for 8 h or overnight. After three post-primary antibody washes in PBS containing 1% BSA, oocytes and embryos were reacted with secondary antibody. Exposure to the secondary antibody occurred for 2 h at 4°C. For leptin, rabbit anti-STAT3 (C-20-R) and anti-actin (Sigma Immunochemicals), 1:200 dilution of goat anti-rabbit fluorescein isothiocyanate (FITC)-conjugate (Sigma) prepared in PBS with 2% BSA was used as a secondary antibody. For goat anti-STAT3 (C-20-G), OB-R, and actin (Santa Cruz Biotechnology), a 1:150 dilution of rabbit anti-goat FITC conjugate (Sigma) prepared in PBS with 2% BSA was used as a secondary antibody. For antiuvomorulin, a 1:100 dilution of rabbit anti-rat FITC conjugate prepared in PBS with 2% BSA was used as a secondary antibody. To confirm the specificity of anti-leptin Y20 immunostaining, the peptide used to develop the antibody (SC-843P; Santa Cruz Biotechnology) was introduced during primary antibody incubation at a level 20-fold in excess of the concentration of the leptin Y20 antibody. After immunostaining, oocytes and embryos were washed three times in a solution of PBS with 1% BSA and mounted on glass coverslips in Slow Fade Light (Molecular Probes, Eugene, OR, USA.) prior to examination under epifluorescent illumination in a scanning laser confocal microscope (Van Blerkom et al., 1995) . Optical sections were taken at intervals of 0.19-1.0 µm and oocytes and embryos either in their entirety or in selected regions were reconstructed by compiling the individual digitized images. Quantitative estimates of immunofluorescence observed by scanning laser confocal microscopy were made by measuring the total detectable fluorescence in individual blastomeres scanned simultaneously at the same instrument settings using ImageSpace Software (V3.1; Molecular Dynamics, Sunnyvale, CA, USA). Over 1000 oocytes and embryos were examined in this study.
Paraffin sections of formaldehyde fixed ovaries were deparaffinized, rehydrated and then briefly digested in a solution containing 1 mg/ml protease (Sigma) and 1 mg/ml hyaluronidase (Sigma) for 8 min at 37°C to expose antigenic determinants. Following digestion, paraffin sections were washed three times in TBS (Trisbuffered saline, pH 7.5) and incubated in a TBS solution containing 10% non-fat dry milk (BioRad, Hercules, CA, USA) and 10% goat serum (Sigma) for 2 h at room temperature to block nonspecific binding. Blocked sections were washed three times in TBS prior to reaction with primary antibody, at 2 µg/ml, prepared in a solution of TBS containing 2% BSA and 2% goat serum. Sections were exposed to primary antibody for 8-12 h at 4°C. Following primary antibody incubation, paraffin sections were washed three times in a TBS solution containing 0.1% Tween 20 (Sigma), prior to exposure to a 1:100 dilution of goat anti-rabbit biotinylated secondary antibody (Sigma) prepared in TBS containing 2% BSA, 2% goat serum and 0.05% Tween 20, for 2 h at 4°C. After reaction with secondary antibody, sections were washed three times in a TBS solution containing 0.1% Tween 20 then exposed to a 1:100 dilution of streptavidin-Texas Red (Molecular Probes) prepared in TBS with 2% BSA for 2 h at 4°C. Following reaction with the fluorochrome, sections were washed three times in a TBS solution containing 0.1% Tween 20 prior to application of a droplet of Slow Fade Light and a coverslip in preparation for examination by scanning laser confocal microscopy.
Western Blot analysis
To confirm results obtained during leptin and STAT3 immunoanalysis murine oocytes and cumulus cells were examined by Western blotting for the presence of both leptin and STAT3 proteins. For STAT3 analysis, GV stage eggs were isolated from naturally cycling, adult female mice in a PBS solution containing 0.2% BSA, held on ice. Collected oocytes were pelleted, then resuspended in a BSA-free PBS solution prior to a second centrifugation, followed by removal of excess PBS solution and storage of the oocyte pellet at -80°C. Prior to electrophoresis, oocytes were resuspended in a small volume of distilled water, frozen once again at -80°C, thawed, then given an equivalent volume of 2ϫ lysis buffer at 95°C. The resulting oocyte lysate was then placed in a boiling water bath for 5 min followed by multiple rounds of pipetting through a fine tip micropipette to shear the DNA present and reduce the viscosity of the solution. Samples were then held on ice. Processed oocyte lysates were reheated for 15 min at 90°C immediately prior to loading onto the gel for electrophoresis. Proteins from oocyte lysates for STAT3 analysis were separated on 10% sodium dodecyl sulphate-polyacrylamide gel electrophoriesis (SDS-PAGE) gels, a small aliquot of an A431 cell lysate (Transduction Laboratories, Lexington, KT, USA) was included on each gel as a standard and control for the STAT3 protein. 2ϫ lysis buffer for STAT3 analysis contained 125 mM Tris-Cl (pH 6.8), 20% glycerol, 4% SDS, 286 mM 2-mercaptoethanol and 10 µg/ml Bromophenol Blue. Following electrophoresis, proteins were electroblotted to polyvinylidene difluoride (PVDF) membrane (BioRad) in preparation for antibody analysis. STAT3 proteins were detected using a 1:2000 dilution of either a rabbit anti-STAT3 (C-20, Santa Cruz Biotechnology) or goat anti-STAT3 (G-20, Santa Cruz Biotechnology) polyclonal antibody in conjunction with an amplified alkaline phosphatase immuno-blot assay kit (BioRad) following the protocols provided by the manufacturer.
For leptin analysis, ovulated denuded MII stage oocytes, their associated cumulus cells (after hyaluronidase dispersion) and GV stage oocyte-cumulus cell complexes were isolated and processed as described above for STAT3. Murine leptin was obtained from PeproTech Inc (Rocky Hill, NJ, USA) For leptin analysis, the 2ϫ lysis buffer consisted of 125 mM Tris-Cl (pH 6.8), 20% glycerol, 2% SDS, and 10 µg/ml Bromophenol Blue, no reducing agent was present. As a control for the specificity of the leptin antibody used for Western analysis aliquots of adipose tissue lysates from normal and ob/ob mutant female mice were included during the analyses. The leptin protein produced by mutant ob/ob lacks the domain recognized by the antibody and, therefore, should not be detected. Lysates used to detect the leptin protein were run on 15% SDS-PAGE gels. Following electrophoresis, proteins were transferred to PVDF membrane and leptin was identified using a 1:1000 dilution of a rabbit anti-leptin polyclonal antibody (A-20, Santa Cruz Biotechnology) in conjunction with the amplified alkaline phosphatase detection kit described above for STAT3.
Results
The occurrence of leptin and STAT3 immunofluorescence in human and mouse oocytes, fertilized eggs, and preimplantation stage embryos was determined by scanning laser confocal microscopy. The distribution of these proteins was examined in consecutive sections at intervals of 0.19-1.0 µm, depending upon the area of interest, and at the whole oocyte/embryo level by compilation of individual digital images. Here, the analysis of oocyte and embryo immunofluorescence by scanning laser confocal microscopy enabled precise detection of unique distributions of leptin and STAT3 because individual cells could be examined in sections and all portions of oocytes and embryos could be studied in isolation. Therefore, the images of leptin and STAT3 immunofluorescence described below represent a pattern of distribution that is independent of oocyte and embryo orientation during examination. The finding that leptin and STAT3 were polarized in the oocyte and differentially distributed within the embryo from the morula to blastocyst stages led us to examine the spatial distribution of leptin 1070 immunofluorescence in cumulus oophorus and coronal cells in intact ovarian follicles and in oocyte-cumulus complexes obtained at ovulation in the mouse and after follicular aspiration in the human. Oocytes and embryos from the same and different cohorts were usually scanned at the same laser intensity and photomultiplier settings. However, in some instances, such as when embryos were reconstructed from multiple individual sections for 360°rotations, scans were performed at a lower signal amplification in order to view cell-specific immunofluorescence in finer detail. For some images, higher settings were used to accentuate the fluorescent signal (e.g. Figure 6D ) in order to emphasize the differential distribution of leptin and STAT3 within a particular embryo.
GV stage oocyte, fertilized egg, and development to the two cell embryo
Computer-generated, scanning laser confocal pseudo-colour immunofluorescence images of mouse oocytes and preimplantation stage embryos up to the early blastocyst stained with OB (Y-20) anti-leptin are presented in Figures 1 and 2. An uninseminated human oocyte with surrounding coronal cells intact that was fixed 4 h after follicular aspiration and stained with anti-leptin is shown in Figure 1C . Analysis of both individual optical sections and reconstructed whole oocytes and pronuclear stage eggs (total mouse, n ϭ 273; human oocytes, n ϭ 58, dispermic eggs, n ϭ 3, monospermic eggs, n ϭ 9) stained with this antibody demonstrated that leptin was asymmetrically localized in the fully grown GV (asterisk, Figure 1A ,B) and MII stage oocyte, as well as in the fertilized egg through the pronuclear stages (asterisk, Figure 1D ). Most of the leptin staining was concentrated in one portion of the oocyte and extended from the plasma membrane into the subplasmalemmal cytoplasm ( Figure  1B , arrows, 1E) to form a distinct domain of intense immunofluorescence when the entire oocyte or fertilized egg ( Figure 1A ,D) was reconstructed from individual images. To ensure the depictions of leptin-and STAT3-associated immunofluorescence were not the result of incomplete permeabilization or limited antibody penetration, identically prepared oocytes were examined for their reactivity to antibodies directed against known cytoplasmic and nuclearspecific proteins. GV stage eggs stained with anti-actin antibody showed nuclear, cytoplasmic and subplasma membrane associated fluorescence characteristic of this protein ( Figure 7E ), while GV stage oocytes stained for the nuclear localized protein c-mos showed only bright nuclear staining ( Figure 7F ). GV, MII, and pronuclear stage mouse (n ϭ 52) and human oocytes (n ϭ 24) stained to control for non-specific and background immunofluorescence were found to exhibit virtually no fluorescent signal ( Figure 7J ). No cytoplasmic or extracellular leptin fluorescence was detected in intact, fixed but unpermeabilized MII stage mouse oocytes ( Figure 7H ). However, when the membrane was physically disrupted, cytoplasmic leptin immunofluorescence was visible in and confined to the damaged region (arrow, Figure 7I ).
Figures 7K and 7L are MII stage mouse oocytes stained for leptin with the Y20 antibody in the absence and presence of blocking peptide respectively, demonstrating the specificity of the anti-leptin Y20 immunofluorescence. Identical results were observed with 2-cell and blastocyst stage mouse embryos immunostained in the presence of the blocking peptide. GV stage oocytes from C57BL/6J ob/ob (n ϭ 25) and C57BL/Ks db/db mice (n ϭ 20) exhibited a polarized pattern of leptin immunofluorescence ( Figure 5H ) that was virtually identical to the images obtained from the GV stage oocytes of normal animals (e.g. Figure 1A ).
The first and second polar bodies were abstricted from the leptin-rich domain in~94% of the oocytes and fertilized eggs (n ϭ 67/71) ( Figure 1D ), and were themselves brightly stained for leptin. For the other oocytes (n ϭ 4/71), polar bodies were either located in a more equatorial position with respect to the leptin domain, or in rare instances, either the first or second polar body was located in the region of the oocyte outside of the leptin domain, and stained poorly for leptin. It is unclear whether polar body migration from the site of formation occurred in these oocytes. Comparative analysis of MII oocytes and pronuclear eggs showed a similar asymmetry in the distribution of leptin immunofluorescence. Typically, intense leptin immunofluorescence in oocytes and pronuclear stage eggs viewed in cross section appeared as a band localized to the region of the plasma membrane and subjacent cytoplasm ( Figure 1B ,E). Mouse embryos fixed and stained for leptin prior to completion of first cell division ( Figure 1G -I) demonstrated that the first cleavage furrow develops in the leptin-rich domain containing the second polar body ( Figure  2A ,C). In the forming 2-cell embryos shown in Figures  1G ,H and 2A,B, a portion of the cytoplasm remains shared between the separating blastomeres but leptin (asterisks) has already been allocated to the two cells. In Figure 2A , note the tear in the plasma membrane in a region of low leptin fluorescence (white asterisk). The absence of leptin fluorescence in the corresponding cytoplasmic region viewed in an internal cut ( Figure 2B ) confirms the peripheral nature of the polarized distribution of leptin at the 2-cell stage. Chromosomal configurations in oocytes, fertilized eggs (e.g. Figure 1F ) and 2-cell embryos (e.g. Figure 1I ) were determined after antibody analysis by DNA staining and scanning laser confocal fluorescence microscopy. An examination of the second polar body in 2-cell embryos stained for leptin showed that~96% (43 out of 45) stained brightly for leptin and were located in the cleft near the regions of highest leptin immunofluorescence in the individual blastomeres.
The presence of STAT3 in mouse and human oocytes and embryos was demonstrated through the use of two independent antibodies directed against the STAT3 protein.
In the mouse, the pattern of cytoplasmic STAT3 staining closely paralleled the polarized profile of leptin immunofluorescence observed in the oocyte and fertilized egg. Represent-ative examples of GV stage mouse oocytes and pronuclear stage embryos stained for STAT3 (n ϭ 96) are shown in Figure 4A ,B and 4C,D respectively. Dual staining analysis demonstrated that STAT3 and leptin immunofluorescence were indeed coincident, both in general distribution as well as in areas of maximal signal intensity (data not shown). The pattern of STAT3 immunofluorescence in GV stage oocytes (n ϭ 35) from C57BL/6J ob/ob ( Figure 5J ) and C57BL/Ks db/db mice was virtually identical to the pattern observed in the oocytes of normal mice. Nuclear STAT3 staining was observed at the GV stage and in both pronuclei of the fertilized egg (asterisk, Figure 4C ,D). An examination of the first and second polar bodies in MII stage oocytes, fertilized eggs and 2-cell embryos, demonstrated bright first and/or second polar body STAT3 immunofluorescence in 100% (17 out of 17) of oocytes and fertilized eggs, and in 96% (23 out of 24) of 2-cell embryos where the second polar body was typically located in the cleft near the regions of highest STAT3 immunofluorescence in the individual blastomeres.
Human oocytes and one cell embryos generally followed the leptin ( Figure 3B ,C) and STAT3 ( Figure 3D ,E) profiles observed for the mouse. The polarization of leptin and STAT3 detected in the oocyte and pronuclear stage egg was also evident after completion of the first cell division in both the mouse (leptin, Figure 2C ; STAT3, Figure 4E ,F) and human (leptin, Figure 3F ; STAT3, data not shown). Each blastomere contained a leptin/STAT3 rich domain (indicated by asterisks in these figures) characterized by an intense immunofluorescence in the subplasmalemmal cytoplasm which diminished progressively in the subjacent cortical cytoplasm. Non-specific fluorescence in human oocytes and pronuclear stage embryos ( Figure 3A ) was virtually undetectable. However, the 2-cell stage was also characterized by a second level of asymmetry involving the relative allocation of these proteins between the daughter cells. In virtually all of the 2-cell mouse embryos examined (n ϭ 160), the overall intensity of leptin immunofluorescence appeared higher in one blastomere than the other (e.g. Figure 2A ,C). This observation was supported by quantitative analysis of total immunofluorescence measured in 56 leptin stained and 17 STAT3 stained 2-cell mouse embryos (asterisks, Figure 4E ). On average, the intensity of leptin and STAT3 fluorescence was~20% higher in one blastomere, although for some embryos differences Ͻ 5% (leptin, n ϭ 9/56; STAT3, n ϭ 3/17) and or Ͼ35% (leptin, n ϭ 2/56; STAT3, n ϭ 1/17) were measured. Figure 3F shows the presence of anuclear cytoplasmic fragments with virtually no leptin fluorescence in a 2-cell human embryo, and the fragments appear to originate from the region of the embryo that exhibited reduced leptin staining. Low intensity nuclear STAT3 staining was evident at the 2-cell stage (asterisks, Figure 4F ) but no nucleolar-associated signal was detected.
Cleavage to late morula stages
With each cleavage division, blastomere-specific differences in the relative intensity of leptin and STAT3 became progressively more pronounced. Consecutive optical sections and whole blastomere reconstructions demonstrated for both mouse and human 4-cell embryos that leptin and STAT3 immunofluorescence remained polarized and cortically located, but differences in relative intensity between cells were clearly evident. Of particular note was the consistent finding that in virtually all mouse (n ϭ 42) and human (n ϭ 10) 4-cell embryos examined, the relative intensity of immunofluorescence in the leptin domain was very high in one blastomere (e.g. blastomere 3, Figure 2G ), reduced substantially in a second blastomere (blastomere 4, Figure  2G ) and of intermediate and variable intensity in the remaining two blastomeres (e.g. blastomeres 1 and 2, Figure 2G ). The origin of the distribution of leptin immunofluorescence observed at the 4-cell stage was evident during the transition from the 2-3-cell stage. Such an embryo is shown in Figure 2D where one blastomere with a reduced level of leptin staining is undergoing an equatorial division (blastomeres 2 and 3) and where the most intense leptin immunofluorescence is observed in the undivided blastomere (blastomere 1, Figure 2D ). Nuclear segregation in the dividing blastomere is complete (N, Figure 2E ,F).
A similar situation was observed in 4-cell embryos stained with STAT3 antibodies (n ϭ 31) ( Figure 4G ,H). For both mouse and human 6-cell embryos, the relative intensity of leptin and STAT3 fluorescence was blastomere-specific, but at least one blastomere (e.g. blastomere 1, Figure 3H ) consistently exhibited little leptin and STAT3 immunofluorescence.
At the 8-cell stage in both mouse and human, the organization of the embryo into distinct domains of blastomeres characterized by significantly different levels of leptin and STAT3 immunofluorescence was unambiguous. Individual optical sections and whole embryo reconstructions of scanning laser confocal images showed the brightest and the weakest staining cells located at opposite ends of the embryo with cells of intermediate intensity positioned in between. In all 8-cell mouse (n ϭ 44) and human embryos examined (n ϭ 5), virtually no leptin and STAT3 immunofluorescence was detected in two of the eight blastomeres. Representative leptin and STAT3 immunofluorescence images of 8-cell mouse and human 8-cell embryos are shown in Figure 2H , Figure 4I ,J and Figure 3I ,J respectively. Figures 3J and 4J are partial reconstructions of embryos showing those cells with lower intensity immunofluorescence that were masked by cells with higher fluorescence in the image of the fully reconstructed embryo ( Figures 3I and 4I) . Typically, the leptin/STAT3 deficient cells were paired and located on one side of the embryo (leptin: mouse blastomeres 2 and 3, Figure 2H ; human blastomeres 6 and 7, Figure 3J : STAT3: mouse blastomeres 6 and 8, Figure 4J ) suggesting derivation from the same parent cell. Detailed scanning laser confocal analysis demonstrated that the following three distinct levels of asymmetry in leptin and STAT3 distribution occurred at the 1072 8-cell stage: (i) within individual blastomeres, the distribution of these proteins was asymmetric, with the majority of the fluorescence associated with the subplasmalemmal cytoplasm facing the perivitelline space, (ii) individual blastomeres exhibited unique levels of immunofluorescence, and (iii) the embryo, as a unit, was polarized with respect to leptin and STAT3. Dual staining for leptin and STAT3 at the 4-8-cell stages showed for each blastomere coincident immunofluorescence with respect to signal distribution and relative intensity (data not shown). Through the 8-cell stage, nuclear STAT3 was observed in all nuclei.
The pattern of leptin and STAT3 antibody staining at the 8-cell stage demonstrated a specific spatial distribution of blastomeres that may be related to the subsequent organization of the embryo into a bilayered structure composed of inner and outer cells. This notion was supported by observations of morula stage embryos (n ϭ 35) which demonstrated that inner and outer cells were unique with respect to their reactivity to leptin and STAT3 antibodies. Cytoplasmic leptin and STAT3 staining was undetectable or marginally above background in inside cells from mouse (n ϭ 24; asterisk, Figure 2I ) and human morula (n ϭ 11, Figure 3K ), while outer cells exhibited a spectrum of staining intensities for both proteins, from cells which stained very poorly at one end of the embryo to those which stained intensely at the opposite end (e.g. arrows, Figure 3K ). A region of outer cells which exhibited substantially reduced leptin (asterisk, Figure 2J ) and STAT3 immunofluorescence (asterisk, Figure  4K ) was observed consistently in the reconstructions of late morula stage embryos. This pattern of unequal distribution is evident in individual optical sections taken at different regions of the morula where leptin and STAT3 fluorescence was observed in all of the outer cells in some consecutive sections (e.g. Figure 2K ) but not in others (e.g. Figure 4L ). Immunofluorescent signal originating from both inner and outer cells of the morula after staining with antibodies directed against proteins present in both cell types demonstrated that the absence of inner cell staining for leptin and STAT3 was not a consequence of poor antibody penetration or accessibility (see below).
Blastocyst stages
Studies of leptin and STAT3 staining during mouse blastocyst development (n ϭ 120) demonstrated that the asymmetric distribution of leptin and STAT3 observed through cleavage to the morula stage, represented by the differential staining of inner and outer cells, persisted in the inner cell mass and trophoblast in the developing ( Figures 2K, 5A ,B) and hatched blastocyst ( Figures 5C,D, 6D ,E, F-K). Leptin-( Figures 2K, 6D ,E) and STAT3-associated immunofluorescence ( Figure 5B,D) were undetectable or at background levels in cells of the ICM. This was not a function of antibody accessibility or penetration as both cell types readily stained with antibodies directed against proteins known to be common to both populations of cells, e.g. uvomorulin ( Figure 7M ). Further, blastocysts (n ϭ 20) whose mural trophoblast was mechanically disrupted to directly expose the blastocoel cavity and ICM to antibody ( Figure 6E ) were also found to exhibit no significant (i.e. above background) leptin-or STAT3-associated fluorescence in the ICM, with the antibodies used in this study. A total of 50 2-cell to hatched mouse blastocyst stage embryos stained to control for non-specific and background immunofluorescence were found to exhibit virtually no fluorescent signal.
Although clearly detectable leptin and STAT3 immunofluorescence in the blastocyst was confined entirely to the trophoblast, pronounced differences in staining intensity for both proteins were observed among these cells, suggesting the existence of unique populations of cells within the trophoblast itself. Typically, optical section analysis demonstrated that leptin ( Figure 6D ,E) and STAT3 immunofluorescence ( Figure 5B ,D) were localized to the apical surface of individual trophoblast cells. Reconstructions of whole embryos and analysis of consecutive optical sections indicated a characteristic pattern of leptin distribution within the trophoblast. In general, leptin immunofluorescence was most intense in the mural trophoblast but progressively diminished towards the polar trophoblast along one side of the embryo (Figures 2J,I ; 6D,E). The identification of this region of trophoblast was unambiguous in 360°rotations of entire mouse blastocysts reconstructed from individual scanning laser confocal images. Figures 6F-K are representative views of a typical mouse blastocyst observed during rotation in which a region of reduced leptin immunofluorescence is clearly evident (asterisk). STAT3 immunofluorescence in the trophoblast of the early, expanding ( Figure 5A ,B) and hatched blastocyst ( Figure 5C,D) followed the same pattern of distribution as observed for leptin. The presence of unique domains of leptin and STAT3 staining in the trophoblast was detected in all in-vivo developed blastocysts examined, and in all blastocysts cultured from the 1-cell stage after fertilization in vitro. No human blastocysts were examined in this study. When clearly identifiable, the second polar body was located in the leptin/STAT3-poor domain of the embryo from the 8-cell ( Figure 2H ) through the developing blastocyst.
Leptin receptor (OB-R) analysis of mouse oocytes, fertilized eggs and cleavage stage embryos
Mouse oocytes, fertilized eggs, and cleavage stage embryos were examined for the presence of the leptin receptor using an antibody directed against an epitope near the N-terminus of the receptor molecule. In MII oocytes, this antibody detected antigen not on the oolemma, but within the cytoplasm, clustered near the centre of the cell ( Figure 6A ). In fertilized eggs, punctate receptor antigen-associated immunofluorescence was detected both in the cytoplasm and concentrated within the two pronuclei, beginning~16 h after the administration of a superovulatory dose of HCG ( Figure 6B) . In 2-cell embryos ( Figure 6C ), as well as in more advanced cleavage stage embryos, receptor antigenspecific immunofluorescence was primarily nuclear-associated with diffuse cytoplasmic immunofluorescence detected in each blastomere. Virtually no receptor antigen-specific immunofluorescence was associated with the plasma membrane of oocytes or blastomeres. No nucleolar staining was observed in either pronucleate eggs or cleavage stage embryos.
Leptin and STAT3 distribution in intact mouse follicles and isolated mouse and human oocytecumulus complexes
At the level of detection and with the antibodies used in this study, the above findings demonstrate that a polarized distribution of leptin and STAT3 exists in the unfertilized oocyte, is unequally allocated among blastomeres during cleavage, and at the blastocyst stage results in the formation of an embryo containing trophoblast cells which do and ICM cells which do not stain for these two proteins. To begin to determine the origin of this polarity, we examined the most immediate environment of the fully grown GV stage oocyte, namely, the cells of the ovarian follicle that surround the oocyte. The distribution of leptin and STAT3 within the follicle was examined by staining isolated human and mouse oocyte-cumulus complexes and individual paraffin sections of whole mouse ovaries from unstimulated animals and from animals at timed intervals after the administration of an ovulation stimulatory dose of HCG. The analysis of individual oocyte-cumulus complexes provided rapid information regarding the localization of leptin and STAT3 immunofluorescence in the corona radiata (e.g. Figure 1C ) and along the outer perimeter of the cumulus oophorus (e.g. Figure 5I ), but offered little or no information concerning staining patterns within the cumulus mass owing to the multicellular nature of the complex, which was often highly compact and associated with relatively poor penetration of antibody into the interior of the cumulus oophorus and oocyte. However, studies of uninseminated human and mouse oocytes in which partial removal of the cumulus oophorus was performed (either by brief exposure to hyaluronidase or mechanically) demonstrated that leptin ( Figure 1C ) and STAT3 ( Figure 5I , ob/ob mouse) immunofluorescence were highly localized within both the cumulus oophorus and corona radiata. In all oocytes examined, the region of cumulus and coronal cells that stained most intensely for leptin and STAT3 was associated with the oolemma and subjacent ooplasm where the most intense leptin (asterisk, Figure 1A ) and STAT3 immunofluorescence was observed. For coronal cells in this region, intense leptin and STAT3 staining extended through the transzonal processes to the surface of the GV stage oocyte ( Figure 1A note region between arrows, Figures 1B and 7D) . Indeed, in some images of GV stage mouse oocytes, including those from ob/ob mice ( Figure 5E,F) , the distal end of the transzonal processes formed bulbous structures with relatively intense STAT3 and leptin immunofluorescence that appeared to invaginate the oolemma ( Figure 5E ) in the region of the oocyte where the polarized domain of these two proteins occurred. In some images, the most intense STAT3 and leptin fluorescence in the polarized domain was detected just beneath these processes (asterisks, Figure 5E ; the relative intensity of fluorescence in the STAT3 domain shown in this figure was reduced in order to provide the detail of the very brightly stained corona cell process). The oolemma in the polarized domain also contained numerous invaginations that resembled endocytotic pits. The occurrence of these structures was more pronounced in oocytes during the terminal stages of growth and in many images, the apparent external aspect of these 'pits' exhibited leptin and STAT3 staining (white asterisks, Figure 5F ,G). Similar to the distribution of leptin immunofluorescence described above, a region of relatively intense STAT3 staining in follicles cells was observed to co-localize with the STAT3 domain of the ob/ob oocyte ( Figure 5J ).These results strongly suggest that localized leptin and STAT3 immunofluorescence in the cumulus oophorus/corona radiata and the polarized distribution of these proteins in the GV stage oocyte are spatially related.
While each paraffin section obtained for fluorescence microscopy represented only a small portion (~5 µm) of any particular follicle or oocyte, immunofluorescent analysis of sections of mouse ovaries provided very detailed and precise information regarding the distribution of leptin in situ, i.e. within intact follicles at different stages of preantral development. For preantral follicles in which the fully grown oocyte was surrounded by two or three layers of granulosa cells, leptin immunofluorescence was detected in coronal cells along the entire surface of the oocyte ( Figure 7A ). However, while most of the fluorescence was relatively low level, very intense leptin immunofluorescence was localized to one region of the corona radiata and some of the overlying granulosa cells ( Figure 7A ). The same asymmetric localization of leptin occurred in preantral follicles in which the oocyte was surrounded by multiple layers of granulosa cells ( Figure 7B ). In these follicles, the polarized distribution of leptin staining was clearly evident and delineated a domain within the follicle in which intense leptin immunofluorescence extended from the coronal cells associated with the zona pellucida through the overlying layers of granulosa cells up to the inner surface of the basement membrane (asterisk, Figure 7B ). A domain of leptin staining persisted in the antral follicle with intense immunofluorescence detected in the coronal cells, transzonal processes and the corresponding portion of the ooplasm (9 h post-HCG, Figure 7C ). For both preantral and antral follicles in which leptin immunofluorescence was detected, the regions of intense follicle cell and ooplasmic staining were related spatially. Within the zona pellucida, leptin immunofluorescence was confined to the transzonal processes. Figure 7G 1074 is a paraffin section stained to control for non-specific, background immunofluorescence.
Verification of the presence of leptin and STAT3 proteins in oocytes and cumulus cells by Western analysis
To independently confirm the presence of leptin and STAT3 in the various specimens examined during this study, murine oocytes and cumulus cells were examined for the presence of leptin and STAT3 proteins by Western analysis. Western analysis designed to detect the STAT3 protein using two independent anti-STAT3 polyclonal antibodies detected STAT3-specific bands, of~92 kDa, in GV stage oocyte and their cumulus cell lysates. An example of a western result obtained using the rabbit anti-STAT3 polyclonal antibody to detect the STAT3 protein in a lysate prepared from 420 GV stage oocytes is shown in Figure 8 , lane F. A STAT3 band of equivalent size was detected in cumulus cell lysates (data not shown). An adjacent lane containing an aliquot of a positive control A431 cell lysate is also shown (Figure 8 , lane G). STAT3 bands of equivalent size are detected in both the GV and A431 lysate lanes. A431 cells are high overexpressers of the human epidermal growth factor receptor (EGFR) and are frequently used as positive controls for the STAT3 protein as EGFR is known to signal through the STAT3 pathway.
While the leptin antibody used for the immunostaining portion of this study was able to detect purified leptin protein by Western analysis, the application of comparatively high amounts of the protein was required in order to detect a signal. As a result, a second anti-leptin antibody which was found to be more sensitive for Western analysis was chosen for the examination of leptin in oocytes and cumulus cells using this approach. This antibody, designated anti-leptin A20, was generated following the immunization of rabbits with a peptide spanning amino acids 137-156 of the leptin protein. Antileptin A20 antibody does not recognize leptin in formaldehydefixed specimens but does detect the protein following methanol fixation. Western analysis of lysates derived from GV or ovulated MII stage eggs and their respective associated cumulus cells, and adipose tissue from normal adult female mice, all resulted in the detection of an~16 kDa band which co-migrated with a similarly-sized band resulting from the application of an aliquot of purified murine leptin protein. However, Western analysis of cells or tissue derived from ob/ob mutant mice which contain leptin protein truncated at position 105 (a deletion of~40% of the protein at its C-terminal end) did not result in the identification of a 16 kDa leptin band with the anti-leptin A20 antibody. 
eggs (D-F) and dividing two-cell mouse embryos (G-I) stained with anti-leptin (A-E, G-H) and propidium iodide (F, I).
The relative intensity of fluorescence is indicated in the colour bar in (H), where dark blue and white represent the lowest and highest levels of detectable fluorescence respectively. The leptin-rich domain is indicated by an asterisk in the fully compiled (A, D, G) images that display the entire germinal vesicle stage oocyte (A), pronuclear stage egg (D) and forming 2-cell embryo (G). B, E, and H are partial compilations of optical sections of each specimen with the leptin-rich domain indicated by and asterisk in (C) and the borders of the leptin domain delineated by arrows in E and H. Note in particular the relative intensity of anti-leptin fluorescence in the residual coronal cell processes enclosed in the area between the arrows in (A). A polarized domain of granulosa cells (corona radiata, CC) that shows relatively high levels of anti-leptin fluorescence in an intact metaphase II (MII) stage, uninseminated human oocyte (O0) is located between the arrows in (C). The oocyte was fixed 4 h after ovarian aspiration in a gamete intra-Fallopian transfer (GIFT) procedure. The germinal vesicle stage oocyte shown in (A) was obtained from an antral follicle 48 h after the administration of 5 IU pregnant mare's serum gonadotrophin. GV ϭ germinal vesicle; PB2 ϭ second polar body; c ϭ chromosomes. The thickness of images depicting portions of specimens produced by compilation of individual optical sections are as follows: B ϭ 2 µm; C ϭ 19.5 µm; E ϭ 3 µm; H ϭ 2.4 µm. Representative scanning-laser confocal immunofluorescent, pseudo-colour images of 2-cell to early blastocyst stage mouse embryos stained with anti-leptin. The leptin rich domains in cleavage stage embryos (A-H) are indicated by black asterisks. An exposed region of the cortical cytoplasm in the leptin-poor region of one blastomere is indicated by a white asterisk in (A) and in the internal section of the embryo shown in (B). A white asterisk indicates the inner cells of a late morula stage embryo and a region of trophoblast in an early blastocyst that displays reduced leptin immunofluorescence in (I) and (J) respectively. (D) is a compiled image of a 2-cell embryo in which one blastomere is undergoing an equatorial division. (E) and (F) demonstrate that nuclear (N) segregation into the forming blastomeres (numbered 2 and 3) has already occurred. Note in particular the high level of leptin immunofluorescence in blastomere 1 in comparison with the levels observed in forming blastomeres 2 and 3, and the presence of leptin staining in the second polar body (PB2). (K) is an optical section through the embryo shown in (J). The second polar body (PB2) associated with a leptin-poor cell in an 8-cell embryo is shown in (H). See text for details. ICM ϭ inner cell mass; BC ϭ blastocoelic cavity. The thickness of the images depicting portions of specimens produced by compilation of individual optical sections are as follows: B ϭ 1.2 µm; E,F ϭ 1 µm; I ϭ 3 µm; K ϭ 10 µm. Immunofluorescent staining of the OB-R epitope is indicated by an asterisk in (A). After fertilization, OB-R immunofluorescence was detected in the pronuclei (arrow, B), and in the nuclei of cleavage stage embryos (arrows, C) No nucleolar staining was observed. The blastocyst shown in (D) was scanned at a higher gain setting to accentuate leptin fluorescence and detect inner cell mass (ICM) staining; however, none was detected. In internal sections, a region of reduced leptin immunofluorescence in the trophoblast is indicated by arrows (bc ϭ blastocoel). The two images shown in (E) are optical sections taken at different levels through a mouse blastocyst in the region of the embryo where the mural trophoblast (arrows) was mechanically excised (after removal of the zona pellucida) prior to fixation in order to ensure access of antibodies to the ICM. Here also, higher gain settings were used in an effort to detect any ICM staining, but no significant ICM leptin immunofluorescence was observed. 
Discussion
A polarized distribution of regulatory molecules is a common feature of the oocytes and embryos of insects and lower vertebrates such as amphibians, but to date, no definitive evidence exists to indicate that such polarities occur in the mammalian oocyte (see reviews by Gardner, 1996; Edwards and Beard, 1997) . While several unique characteristics and regional differences in mammalian oocytes and preimplantation stage embryos have been identified, some appear to be speciesspecific and others have been generally considered to arise de novo as a consequence of stage-specific events or cell position, or both. For example, in MI and MII stage mouse oocytes, regions of the oolemma overlying the meiotic spindle have been described that are devoid of microvilli and lectin-binding glycoproteins (Longo and Chen, 1985; Van Blerkom and Bell, 1986) , and it has been suggested that sperm binding and penetration do not occur in this membrane domain (Maro et al., 1986) . In contrast, human sperm binding and penetration can occur in relatively close proximity to the first polar body (Van Blerkom et al., 1995) indicating that an exclusionary domain such as one detected in mouse is probably not present in the human (Santello et al., 1992) . This interpretation is supported by the study of Dale et al. (1995) , who examined the surface topography and glycoprotein distribution of the plasma membrane of human oocytes and early cleavage stage embryos by scanning electron microscopy and fluorescent microscopy with chromophore-tagged lectins. Their findings indicated the absence of regional domains of microvilli or glycoproteins in the human oocyte and early cleavage embryo suggesting that the plasma membrane is not polarized or reorganized after fertilization or during development to the 8-cell stage. The first grossly identifiable polarity in the mammalian embryo has been studied extensively in the laboratory mouse where two populations of cells, termed polar and apolar (Johnson and Ziomek, 1981a) arise during cleavage. These blastomeres are characterized by differences in position within the embryo, cell surface properties, and developmental fate. During the morula stage, the 'apolar' cells are localized to the interior of the embryo and ultimately form the ICM, while the 'polar' cells localized to the outside of the embryo form the trophoblast (Johnson and Ziomek, 1981b) . In addition to positional differences associated with developmental fate that arise during the morula stage, some of the qualitative differences in protein synthesis specific to mouse trophoblast and ICM at the late blastocyst stage (Van Blerkom et al., 1975) are already evident at the late morula stage. Handyside and Johnson (1978) reported that inside cells recovered from morulae synthesized many of the polypeptides characteristic of ICM in late blastocysts, but not those characteristic of trophoblast. These studies indicate that polarities at the blastomere and cell surface levels in the mammalian oocyte and embryo may be both position-and stage-specific. Here, we suggest that fundamental events in early mammalian development leading to the generation of cells with different capacities and fates may be influenced additionally by regulatory proteins in the oocyte which show a polarized distribution and appear to be of maternal origin. Although cell position within the early mouse embryo generally correlates with subsequent ICM and trophoblast formation, how the differences in cell structure and function that characterize these two populations of cells arise has not been determined. Wilson et al. (1972) studied the preimplantation development of 2-cell to morula stage mouse embryos by following marker droplets of injected silicone fluid. Their findings provided no evidence for an inherent polarity in the cleaving egg and they concluded that: (i) physico-chemical positional effects determine whether a cell will differentiate into trophoblast or ICM; and (ii) that cleavage occurs without spatial disturbance of the cytoplasmic pattern of the egg so that its cortical region is converted directly to the outer cells of the morula which become the trophoblast. Recent studies by Gardner (1997) on the position of the second polar body from zygote to blastocyst stages in mouse (see below) suggest that specification of the axes of the blastocyst (bilateral symmetry, embryonic-abembryonic) depends on spatial patterning of the animal-vegetal axis in the zygote. Taken together, these observations imply that 'factors' that may be involved in the normal development of the preimplantation embryo could be differentially localized within the cytoplasm of the oocyte and fertilized egg. For example, a differential distribution or activation of regulatory proteins such as transcription factors could be an important determinant of early differences in protein expression during the preimplantation period that establishes a molecular basis for ICM and trophoblast development. To date, evidence for the existence of such factors has been limited. The presence of Oct-4 in mouse oocytes and embryos (Scholer et al., 1990; Abdel-Rahman et al., 1995) has been reported to be the earliest expressed gene known to encode a transcription factor which is developmentally regulated during mammalian embryogenesis. Palmieri et al. (1994) found that Oct-4 occurred at low levels in the mature oocyte, was present in the nuclei of all cleavage stage embryos, but was detected only in the ICM at the blastocyst stage.
Leptin and STAT3 as markers of oocyte and embryo polarity
Here we show that the spatial localization of two proteins, leptin and STAT3, is polarized in the mature mouse and human oocyte, and that after fertilization these proteins become differentially distributed among the inner and outer blastomeres of the morula stage embryo in a pattern that persists with respect to the ICM and trophoblast through the hatched blastocyst stage. These results offer indirect support for the notion that the relative position of regulatory molecules, as well as other classes of proteins, in the oocyte may be involved in the subsequent development of the embryo. In addition, the findings suggest that the source of this polarization may originate from surrounding follicle cells through directed secretion.
Studies by Gardner (1996) indicate that in undisturbed mammalian development, specification of the embryonic axes depends on spatial patterning in the zygote. The location of the first polar body has been used to define an 'animal' pole for the oocyte , while analysis of an apparent stable association between the second polar body and embryo during the preimplantation stages in the mouse by Gardner (1997) suggests that the anterior/posterior (embryonic-abembryonic) axis at the blastocyst stage is related to the position of the second polar body in the newly fertilized egg. We report that for virtually all oocytes and fertilized eggs examined, both polar bodies were elaborated from the portion of the oocyte containing domains of intense leptin and STAT3 immunofluorescence. This observation suggests that these proteins may be markers of the future animal pole which may already be established at the GV stage. Furthermore, the finding that the second polar body resides in the leptin/STAT3 poor region of the cleavage stage embryo after the 4-cell stage, and is located in a similar domain of trophoblast overlying the ICM in the blastocyst is consistent with the observation of Gardner (1997) that the second polar body is associated with the embryonic pole of the mouse embryo. Edwards and Beard (1997) have proposed that any existing polarity in unfertilized mammalian oocytes could be reorganized by ooplasmic rotation after sperm entry, with the sperm centrosome and aster regulating such 1083 movements. In the human, first and second polar bodies usually form in proximity to each other (Payne et al., 1997; J.Van Blerkom, unpublished) indicating that post-penetration cytoplasmic reorganization or rotation, if present, may occur within the leptin/STAT3 domain. However, the finding that STAT3 and leptin immunofluorescence is localized to the oolemma and immediate subplasmalemmal cytoplasm throughout the pronuclear stages suggests that any putative cytoplasmic rotations may not significantly affect or alter the polarized distribution of these proteins.
In virtually all 2-cell embryos examined in this study, the observed intensity of leptin and STAT3 immunofluorescence was typically higher in one blastomere. Quantitative analysis of leptin and STAT3 immunofluorescence in 2-cell mouse embryos confirmed the observed differences in intensity detected by scanning laser confocal microscopy and indicate that the level of staining in the two blastomeres differed on average by~20%. The first cleavage division is a meridional one that occurs in proximity to the second polar body (for review see Edwards and Beard, 1997) . Differences in leptin and STAT3 immunofluorescence in the two daughter cells may be related to the position of the cleavage plane with respect to the leptin/STAT3 domain. However, for a very few 2-cell mouse embryos, most of the leptin/STAT3 immunofluorescence was detected in one of the daughter cells. This unusual pattern of allocation may occur under the following circumstances: (i) an atypical meridional or rare equatorial plane of cleavage; (ii) an aberrant leptin/STAT3 domain, or (iii) an oocyte in which first or second polar body formation did not occur in the leptin-rich domain. Whether a cleavage division that results in one blastomere receiving most of the oocyte-derived leptin and STAT3 has developmental consequences for the embryo during subsequent cell divisions is unknown. However, the findings demonstrate that for most embryos, differences in STAT3 and leptin allocation have already occurred by the 2-cell stage resulting in the generation of unique blastomeres, at least with respect to these two proteins.
The second cleavage division involves a largely meridional division for one blastomere and a largely equatorial division for the other, in which the latter occurs by a partial rotation of one of the daughter cells of the 2-cell embryo (Gulyas, 1975; Graham and Deussen, 1978) . In virtually all 4-cell mouse and human embryos examined, the relative level of leptin and STAT3 immunofluorescence was high in one blastomere, intermediate and of variable intensity in two blastomeres, and greatly reduced in the fourth blastomere. The observed distribution of leptin and STAT3 immunofluorescence among the blastomeres of the 4-cell mouse and human embryo is generally consistent with second cleavage division geometries involving meridional and equatorial divisions. At the 6-8-cell stage, blastomeres with no detectable leptin/STAT3 domain and little cytoplasmic immunofluorescence were observed and by the late morula stages, leptin and STAT3 imunofluorescence were largely undetectable in the inner cells of the embryo, and of greatly reduced intensity in a small cluster of outer cells. This finding supports the observation that cell position in the undisturbed embryo remains relatively fixed from the early morula stage (Gardner, 1996 (Gardner, , 1997 , and appears to provide an explanation for the finding that throughout the mouse blastocyst stages, leptin and STAT3 immunofluorescence were either greatly reduced or undetectable in the ICM and in a portion of trophoblast overlying and lateral to the ICM. For mural and polar trophoblast that stained positively for leptin and STAT3, an immunofluorescent signal was confined primarily to the cortical cytoplasm on the apical surfaces of these cells. This observation is of particular relevance as it tends to support the conclusion of Wilson et al. (1972) that mouse trophoblast may contain elements that originated primarily from the cortical cytoplasm of the egg. Cell lineage studies with undisturbed embryos injected with different markers (Graham and Deussen, 1978) , and experimental studies involving blastomere transfers between morula stage embryos indicate that: (i) inner cells contribute more frequently to ICM than do outer cells; and (ii) when placed on the outside, inner cells can participate in trophoblast formation and some outer cells when placed in the interior of the embryo can participate in ICM development (Ziomek and Johnson, 1982) . Although untested, one possible interpretation of our findings is that the extent to which inner or outer cells of the late morula can contribute to trophoblast or ICM, respectively, may be related both to relative position and to a corresponding pattern of inheritance of proteins such as STAT3 and leptin.
The distribution of leptin and STAT3 in the preimplantation stage embryo may subtend differential transcription and translation in the cleavage stage precursors of the ICM and trophoblast. In addition to Oct-4, the occurrence of STAT3 in both male and female pronuclei and in some nuclei up to the morula stage indicates that transcription factors are present at the earliest stages of embryonic development. The presence of STAT3 and leptin in most outer cells of the morula and in the trophoblast of the blastocyst, and the detection of Oct-4 in ICM but not trophoblast, may be related to the generation of developmentally-significant differences in cell-specific gene expression. In this respect, STAT3 and leptin may be representative of other transcription factors and regulatory proteins whose unequal partitioning in the early embryo establishes the molecular basis for the progressive generation of cells with different developmental potentials. The reduced level of leptin and STAT3 immunofluorescence observed in a region of mural trophoblast and a small portion of contiguous polar trophoblast was an unexpected, albeit consistent finding. Whether these differences are of developmental significance is unknown, although it will be of interest to determine whether they correlate with or correspond to differences in gene expression within the trophoblast.
Possible maternal derivation and roles of leptin and STAT3 in oocytes and early embryos
Although a role for leptin in the oocyte and embryo has not been established, this protein has important functions in the reproductive process. Chehab et al. (1996) reported that fertility in ob/ob mice could be restored by the exogenous administration of leptin. The provision of leptin was suggested to normalize the hypothalamic-pituitary axis controlling gonadotrophic hormone release which permitted follicular development and ovulation. In support of the notion that oocyte developmental competence is not compromised in ob/ob mice are the findings that fertility can also be restored by ovarian transplantation to normal surrogates (Hummel, 1957) or by treatment with gonadotrophic hormones (Smithberg and Runner, 1957) . For the strain of ob/ob mice used by Chehab et al. (1996) , C57BL/6J ob/ob, infertility results from the absence of a fully functional leptin protein as a consequence of a mutation within the coding region at position 105. This mutation results in a deletion of~43% of C-terminus of the translated polypeptide, although the truncated leptin contains the signal sequence required for secretion (Zhang et al., 1994) . The ability to reverse the mutant phenotype of C57BL/6J ob/ ob mice simply by providing exogenous leptin raises the possibility that the missing domain in the leptin produced by these animals is important for receptor interaction. In the present study, we demonstrate that the oocytes of C57BL/6J/ ob/ob mice not only contain the truncated leptin molecule but its polarized distribution in the fully grown GV stage oocyte mirrors that of oocytes from normal mice. Taken together, the absence of detectable leptin mRNA in normal MII stage mouse oocytes (Cioffi et al., 1997) and the results described here offer indirect evidence that leptin has a role in early development and suggest that developmental competence in the oocytes of this ob/ob mutant may be associated with the retention of a motif within the mutant leptin molecule that remains functional for the development of the oocyte and early embryo. In this respect, the provision of the normal protein would not be expected to influence the ob/ob oocyte directly , but rather would permit the animal to ovulate oocytes in which an altered yet quasi-functional form of leptin already exists.
Cytoplasmic STAT proteins are phosphorylated by a Jak tyrosine kinase (Darnell et al., 1994) following the activation of a particular set of receptors (e.g. leptin/OB-R). Phosphorylated STAT proteins form homo-or heterodimers and rapidly translocate to the nucleus to initiate specific gene transcription. The observation that leptin and STAT3 are differentially distributed in the cumulus oophorus and corona radiata such that the most intense coronal and transzonal immunofluorescence is associated with the leptin/STAT3 -rich domain of the GV stage oocyte raises the intriguing possibility that the position of these protein domains in the immature oocyte may be determined externally by this subpopulation of follicle cells. In this respect, Schultz et al. (1979) estimated that as much as 30% of the protein content in the fully grown mouse oocyte may be derived from external sources. Whether a specific spatial relationship exists at the follicular level that could account for the localized expression of leptin and STAT3 in the follicle cells has not been determined. However, the co-localization of STAT3 and leptin in the follicle cells and oocyte strongly suggest these proteins are developmentally significant for the oocyte and early embryo. This notion is supported further by the finding of STAT3 in the nucleus of the fully-grown GV stage oocyte, as well as in the perisyngamic pronuclei of the egg, and blastomere nuclei of cleavage stage embryos.
We have previously described several possible mechanisms by which leptin produced by cumulus and coronal cells could enter the oocyte, including traditional cell surface receptormediated processes and secretion/endocytosis at the interface between the coronal cell process and oolemma (Cioffi et al., 1997) . The very close association between coronal cell processes that stain intensely for leptin (normal and mutant forms) and STAT3 and their association with the oolemma overlying a corresponding domain of these proteins in the GV-stage oocyte suggest that the occurrence of these proteins in the oocyte may, at least in part, involve focal secretion from the coronal cell processes and uptake by the oocyte. Support for this hypothesis is provided by images of putative endocytotic pits at the interface between the oolemma and coronal cell processes where internalization of STAT3 appears to be taking place, especially in oocytes during the terminal stages of growth. Although we have been unable to detect OB-R in the oolemma of mouse and human oocytes, an OB-R-specific epitope was identified by immunofluorescence in the cytoplasm and nuclei of GV-stage oocytes and cleavage stage embryos. One interpretation of these results is that a novel OB-R occurs on the oolemma, or that an OB-R may not be required for leptin uptake by the oocyte. Direct uptake of leptin by the oocyte would circumvent any receptor/ligand incompatibilities and could help explain the presence of mutant leptin in the oocytes of ob/ob mice. If leptin and STAT3 interact with a cytoplasmic receptor-like molecule, such interactions may involve a signal transduction pathway that is somewhat different from the conventional Jak-STAT pathway observed in somatic cells (Darnell et al., 1994) . Support for this notion is derived from the detection of a polarized leptin/STAT3 domain in GV and MII stage oocytes of C57BL/Ks db/db mice. The full-length OB-R, a product of the db gene (Coleman, 1978; Tartaglia et al., 1995) , appears to be the only form capable of activating the STAT pathway (at least in the hypothalamus, Ghilardi et al., 1996) . A mutant OB-R in db/db mice binds leptin but is defective in STAT signalling (Ghilardi et al., 1996) . This defect has been suggested to be a proximate cause of obesity and diabetes in db/db mice (Lee et al., 1996) . Defects in signal transduction associated with a mutant OB-R would be expected to preclude STAT activation in db/db mice. However, the finding of STAT3 in the nucleus of GV stage db/db oocytes indicates a transduction pathway that may not require or utilize the full-length, plasma membrane-associated OB-R. It will be of interest to determine whether qualitative and quantitative changes in the patterns of protein phosphorylation detected in the maturing preovulatory oocyte and preimplantation stage embryo (Schultz et al., 1983 Van Blerkom, 1981 , 1985 are related to leptin and STAT3 activity or to possible novel cytoplasmic interactions between these proteins.
The notion that STAT3 has a role in the preimplantation stage embryo would appear to be contradicted by the study of Takeda et al. (1997) , who generated mice deficient for STAT3 and found that STAT3 -/-embryos rapidly degenerated after implantation. In the STAT3 ϩ/ϩ controls, mRNA for this transcription factor was first detected on day 6 and was found to be expressed exclusively in the visceral endoderm. The ability of STAT3 -/-embryos to develop to the blastocyst stage suggested to these investigators that STAT3 deficiency does not affect development during the preimplantation period. However, our findings indicate that this contradiction is more apparent than real if STAT3 is a long-lived protein that is maternally derived in the oocyte. Because the STAT3 -/-embryos examined by Takeda et al. (1997) were generated from STAT3 ϩ/-parents, the oocytes should contain this transcription factor if, as we suggest, it is maternally-derived. Taken together, these findings and the results obtained in the present study with normal and ob/ob mice lead us to propose that leptin and STAT3 are important in the oocyte and the early mammalian embryo, and may represent critical regulatory factors synthesized in the somatic cells of the follicle and which are provided to the oocyte during its development.
The findings of the present study may be clinically relevant with respect to the developmental viability of embryos after preimplantation genetic diagnosis (PGD) analyses, and in understanding the variable developmental competence exhibited by human embryos that fragment during early cleavage. Perhaps, for example, the reduced developmental potential of morphologically normal cleavage stage embryos after PGD is associated with the inadvertent removal of a leptin/STAT3-poor blastomere(s) which may compromise the development of a normal inner cell mass. For embryos in which numerous, small extracellular fragments occur, generation from the leptin/ STAT3-rich domain may be of developmental significance if these structures include the subplasmalemmal cytoplasm, which would tend to deplete the leptin/STAT3 complement of a particular blastomere. Formation from the leptin/STAT3 deficient domain (such as shown here for a 2-cell embryo) may have little adverse affect on the ability of the embryo to develop normally, provided the domains of other important, and as yet unknown, regulatory proteins are not significantly affected. These possibilities are currently under investigation.
To the best of our knowledge, this report is the first to describe a polarized distribution of regulatory proteins in mammalian oocytes which not only extends into the early embryonic stages but which may also be of maternal origin. Studies to determine: (i) the origin and stability of leptin and STAT3 in the oocyte and embryo; (ii) how these proteins are organized and distributed within the ooplasm; and (iii) what role(s) they may have in early mammalian development are currently in progress. In this regard, we have observed that a very similar polarized distribution of leptin occurs in Drosophila melanogaster and Xenopus laevis oocytes (M. Antczak and J.Van Blerkom, unpublished) , suggesting that this phenomena is not unique to the mammal and that leptin may have a common role across species in early development. Although of a speculative nature, one interpretation of our findings is that stage-specific events in early mammalian development, such as determination of the animal pole in the oocyte and delineation of the ICM and trophoblast in the embryo are part of a developmental continuum between oocyte and embryo in which critical regulatory proteins are uniquely localized in the oocyte and differentially distributed during subsequent embryonic cell divisions and influence, by their presence or absence, cell-specific gene expression. According to this hypothesis, a broad framework of developmental influences on early embryogenesis is established in the oocyte, and we suggest that maternally inherited proteins may contribute to this process.
